This article describes three experiments that investigate the possibility of using structured nonspeech audio messages called earcons to provide navigational cues in a menu hierarchy. A hierarchy of 27 nodes and four levels was created with an earcon for each node. Rules were defined for the creation of hierarchical earcons at each node. Participants had to identify their location in the hierarchy by listening to an earcon. Results of the first experiment showed that participants could identify their location with 81.5% accuracy, indicating that earcons were a powerful method of communicating hierarchy information. One proposed use for such navigation cues is in telephone-based interfaces (TBIs) where navigation is a problem. The first experiment did not address the particular problems of earcons in TBIs such as "does the lower quality of sound over the telephone lower recall rates," "can users remember earcons over a period of time," and "what effect does training type have on recall?" An experiment was conducted and results showed that sound quality did lower the recall of earcons. However, redesign of the earcons overcame this problem with 73% recalled correctly. Participants could still recall earcons at this level after a week had passed. Training type also affected recall. With "personal training" participants recalled 73% of the earcons, but with purely textual training results were significantly lower. These results show that earcons can provide good navigation cues for TBIs. The final experiment used compound, rather than hierarchical, earcons to represent the hierarchy from the first experiment. Results showed that with sounds constructed in this way participants could recall 97% of the earcons. These experiments have developed our general understanding of earcons. A hierarchy three times larger than any previously created was tested, and this was also the first test of the recall of earcons over time.
INTRODUCTION
This article describes three experiments to investigate the power of nonspeech audio for conveying navigational cues in hierarchical structures. In some situations graphical feedback cannot be used to provide these cues. In completely auditory interactions such as telephone-based interfaces (TBIs) or interfaces for visually disabled people it is obviously impossible to use graphical cues. In other systems graphical feedback is available, but the display may already be completely occupied by important information that extra graphical cues would hide. An example of this is an interface for people with speaking difficulties who need to access pictographic symbols to create messages they want to communicate. This article suggests that nonspeech sounds can be used to provide the extra cues in both of these situations.
Sound has been successfully used to improve interaction in graphical human-computer interfaces [Blattner et al. 1992; Brewster et al. 1994; Gaver et al. 1991] . It has not, however, been used before to provide navigation cues. The experiments described in this article investigate the possibility of doing this. They also investigate the design of the sounds necessary to represent hierarchical structures. The approach taken was to investigate the recall of sounds representing a hierarchical structure. If users could recall the sounds then this would show that they could be used for navigation purposes; if users could not recall them then they would not be useful. It was decided to take this approach, rather then using the sounds immediately in a task-based study, so that it was certain the sounds could be used for navigation cues. If a task-based study had been undertaken then the problems with the sounds may have been confused with problems with the task itself. Using the approach described here will provide strong foundations for the use of earcons as navigation cues because any problems with the sounds will be clear.
The first experiment describes an initial study to discover if sounds could provide navigation cues in general hierarchical structures [Brewster et al. 1996] . The second experiment focuses in on the problems faced when using sounds to provide navigational cues in TBIs and the final experiment investigates an alternative method of constructing the sounds to represent a hierarchy. Finally, a set of guidelines is presented that can be used by designers to add sounds to their systems.
Telephone-Based Interfaces
There were two main factors motivating this work. The first was the use of sound to provide navigation cues in nonvisual interfaces. One important reason for using nonspeech sound was to represent hierarchies in interfaces where visual feedback was not possible, for example TBIs (e.g., telephone banking or voicemail systems), interfaces for visually disabled people (file system hierarchies or electronic books), or other situations where screen space is limited but where structured information must be presented (e.g., PDAs or wearable computers). TBIs are becoming an increasingly impor-tant method for interacting with computer systems. The telephone is an ubiquitous device, and many people use it as a primary method of entry into the information infrastructure. Access to an increasing number of services is being offered over the telephone, such as voicemail, electronic banking, and even Web pages. The rapidly increasing use of mobile telephones means that people access these services at many different times and places. Telephones themselves are now also incorporating greater functionality (such as multiparty calling and call forwarding). The provision of this extra functionality may be rendered useless if usability issues are not considered [Maguire 1996] . The telephone itself allows only a limited form of interaction [Schumacher et al. 1995] . There is no graphical display (although some do have small LCD displays, but these are not visible if the device is at the user's ear), so output is limited to speech and simple sounds. Users provide input via the keypad (although speech recognition is sometimes used).
In a TBI a user might call his or her bank and navigate through a hierarchy of voice menus to find the service required. One common problem when interacting in TBIs is navigation. Users get lost in the hierarchy of menus that they must go through to reach an option or function [Rosson 1985; Wolf et al. 1995] . As Yankelovich et al. [1995, p. 369] say, "These [telephone-based] interfaces, however, are often characterized by a labyrinth of invisible and tedious hierarchies which result when menu options outnumber telephone keys or when choices overload users' short-term memory." Rosson [1985] investigated such a hierarchical TBI which gave travel/visitor information. A user could call the system and move through the hierarchy to find information such as addresses and phone numbers of restaurants. She describes one common problem: "It is important to note that the information needed to convey position in the hierarchy was implicit in the content of the utterances users heard" [Rosson 1985, p. 251] . Feedback confirming that one had moved from the top to the middle level of the hierarchy was available only by understanding a category/subcategory relationship. After hearing "Restaurants" and making a "Down" move, the user might hear "Chinese" and would have to infer that a move to a lower level of the hierarchy had been made. She suggested that this may have been the source of many of the users' problems.
Why is navigation information not given? Because it gets in the way of the information the user is trying to access with the TBI. The more navigation information that is given the more it obstructs the actual information the user is trying to get at. Speech is also serial and slow [Slowiaczek and Nusbaum 1985] . The lower quality of sound over the telephone system makes it hard to attend to more than one speaker at once, especially if the speech is synthesized or constructed from poorly concatenated samples. It is suggested here that many navigation problems occur because current TBIs are limited to using speech alone. Speech is forced to perform two tasks: to provide information and perform navigation. Designers choose to present information to users, as that is what they are using the system to find. This means that navigation cues are not provided.
Rosson suggested that one way to solve the problem was to give extra speech feedback. For example "You have moved to the next item in the Chinese Restaurant list. It is...." She suggested, however, that this would make the interface appear slow and clumsy. This extra feedback might also be longer than the information being retrieved and so obscure it. Such feedback was rejected for this very reason by Stevens [1996] and Stevens et al. [1994] when designing navigation cues in a system to provide nonvisual access to mathematics. In this article I propose an alternative solution: structured nonspeech audio messages. These would provide a hierarchical system of sounds that could be used to represent a menu hierarchy. The sounds would play continuously (but quietly) in the background at each level, giving location information. Users could listen to the current sound and from it work out their location in the hierarchy. The sounds would make explicit the differences moving from level to level or across the same level because the sounds would be related in different ways. This is a similar approach to that taken by Stevens [1996] and Stevens et al. [1994] in the Mathtalk system, which displays algebra to blind mathematicians. Nonspeech sounds give the listener information about their location in a mathematical structure. They do this without interfering with the synthetic voice presenting the mathematics. The cues are also much shorter than an equivalent voice message. Speech and nonspeech sounds are different in the same way as text and graphics. If carefully designed, they can also be used together to provide complementary information. Wolf et al. [1995] also confirm the usefulness of this approach and suggest that this might be a solution to some of the navigation problems they had with their combined voicemail and email speech interface system: "Replacing much of the text-to-speech feedback with brief distinctive earcons would make traversal of the mailbox more efficient" [Wolf et al. 1995, p. 250] .
Little use has been made of structured nonspeech sound in TBIs (apart from the standard dial tone, engaged tone, etc.). For example, guidelines for the design of TBIs [Maguire 1996; Schumacher et al. 1995] include nothing about the use of nonspeech sound. The use of such sounds, in addition to speech, will increase the bandwidth of communication between the system and the user, allowing a richer interaction. These "multimedia" telephone interfaces will be more usable than their speech-only counterparts.
Sound has many advantages. For example, it is good for communicating information quickly [Brewster 1994 ]. Unlike speech, nonspeech sound is not language dependent; the user is not tied to one language, which is important for the increased international use of computer systems. There is also great potential for the results of this work in other nongraphical interfaces such as those for visually disabled people and those where working conditions or protective clothing mean that a screen cannot be used. This article will investigate some important questions about the use of nonspeech sound for navigation cues in TBIs.
Navigation in a Communicator Device
The second reason for investigating the use of sound to represent hierarchies was to present navigational cues in an interface for people who are speech-motor and/or language-cognitive impaired for the TIDE ACCESS project. The aim of this project was to create a mobile communication device. People would use the device to create messages they wanted to communicate and then say these messages via synthetic speech. These types of users often use pictographic languages (for example, Bliss [Baumgart et al. 1990] ) to communicate. The pictures represent words or actions and can be combined to create complex messages.
An experienced user with a wide vocabulary may need access to a large number of symbols. It is impossible to display all of the pictures on the screen at the same time. One way around this problem is to use a hierarchy of symbols, but this can lead to users getting lost, in the same way as described above. Stifelman et al. [1993] discovered a similar navigation problem in their VoiceNotes handheld note-taking system. They had to design the hierarchy of messages their system could contain, but avoid users getting lost: "Therefore, the database [of messages] was limited to a one-level hierarchy (a category of notes cannot contain a subcategory)" Stifelman et al. [1993, p. 182] . This was not possible in the system for the ACCESS project because we needed to present a large number (potentially hundreds) of symbols. An alternative method was necessary.
Graphical feedback could be used to give extra navigational information. For example, a map could show the current position in the hierarchy. However, this would take up valuable screen space needed for the pictographic symbols and would require the user to look at the map when he or she really wanted to look at the symbols. An alternative would be to use different colors to show the different levels. Unfortunately, color is already used to show other groupings within the symbols such as nouns/verbs/ adjectives. This article suggests the use of sound; it can be used to give information about one's location in the hierarchy without taking up screen space. Synthetic speech cannot be used, as it would conflict with the message being created. However, nonspeech sounds would not suffer from this problem.
Lack of screen space is not only a problem in interfaces for disabled people. Visual displays can only hold so much. If an interface designer tries to display more and more information then some of it will not fit on the screen without hiding information already there. Blattner et al. [1992] discuss this problem with computerized maps. Only so much information can be displayed before the underlying map is obscured. If additional information must be displayed on a map, space must be allocated for it, and eventually a saturation point will be reached. Blattner et al. suggested that sound could be used to avoid these problems.
Earcons
The nonspeech sounds to be used for this investigation are based around structured audio messages called Earcons [Blattner et al. 1989; Brewster 1994; Sumikawa et al. 1986] . Earcons are abstract, musical tones that can be used in structured combinations to create sound messages to represent parts of an interface. Investigations of earcons by Brewster et al. [1992; showed that they are an effective means of communicating information in sound.
Earcons are constructed from motives. These are short rhythmic sequences that can be combined in different ways. The simplest method of combination is concatenation to produce compound earcons. Simple motives can be created to represent various interaction components. These can then be concatenated to produce more complex messages. By using more complex manipulations of the parameters of sound (timbre, register, intensity, pitch, and rhythm) hierarchical earcons can be created [Blattner et al. 1989] . These allow the representation of hierarchical structures. Sumikawa [1985, p. 64] suggested three ways in which motives can be manipulated to create hierarchical earcons:
-Repetition: Exact restatement of a preceding motive and its parameters.
-Variation: Altering one or more of the variable parameters from the preceding motive (for example, rhythm, pitch, timbre, register, or dynamics).
-Contrast: A decided difference in the pitch and/or rhythmic content from the preceding motive. Figure 1 shows a simple example hierarchy of earcons based on one possible family of applications (based on earcon design guidelines from Brewster et al. [1995a] ). Each earcon is a node on a tree and inherits the properties of the earcon above it. The different levels are created by manipulating the parameters of earcons (for example, rhythm, pitch, timbre). In the diagram the top level of the tree is a neutral-sounding earcon. It has a neutral flue timbre played continuously at middle C. The structure of the earcon from Level 1 is inherited by Level 2 and then changed. At Level 2 there is still a continuous flue sound, but new timbres are added to play alongside it. At Level 3 a rhythm is added to the earcon from Level 2 to create a sound for a particular application. This rhythm is based on the timbre from the level above. In the case of Netscape Navigator there would be a continuous flute sound with a three-note rhythm played on an organ accompanying it. Other levels can be created by using parameters such as tempo or effects.
Using earcons, this hierarchy is easily extensible. For example, to add another major category of applications all that is needed is a new timbre. To create a new type of communications application only a new rhythm is needed, and it can be added to the existing hierarchy. Therefore earcons provide a very flexible system for representing hierarchical structures.
Using Nonspeech Sounds to Provide Navigation Cues 
Previous Attempts to Use Earcons to Present Hierarchy Information
There has been little previous work on using earcons to represent hierarchies or to present navigation cues. Barfield et al. [1991] carried out experiments where they used earcons to aid navigation through a menu hierarchy. They say that "The following study was done to determine if using sound to represent depth within the menu structure would assist users in recalling the level of a particular menu item" [Barfield et al. 1991, p. 102] . The earcons they used were very simple, just decreasing in pitch as a participant moved down the hierarchy. The sounds lasted half a second. They describe them thus: "The tones were played with a harpsichord sound and started in the fifth octave of E corresponding to the main or top level of the menu and descended through B of the fourth octave" [Barfield et al. 1991, p. 104] .
These sounds did not fully exploit all the advantages offered by earcons (for example, they used neither rhythm nor timbre and did not exploit the highly structured nature of earcons) and did not improve user performance in the experimental task. Using pitch alone to differentiate the items was shown to be ineffective in the experiments of Brewster [1994] and Brewster 
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• et al. [1992; 1993] . If better earcons had been designed then advantages may have been found.
Brewster, Wright, and Edwards [Brewster 1994; Brewster et al. 1992; 1995b] also tested the ability of earcons to present hierarchical information in a limited way. In three experiments they showed, that with careful design of earcons, a simple hierarchy could be presented effectively. They used earcons to represent a small hierarchy of files, folders, and applications (see Figure 2) . The relationships between the items were very simple. Things in the same family shared the same timbre. For example, the paint program, paint folder, and file all shared a brass instrument. Things of the same type shared the same rhythm. For example, the paint, write, and spreadsheet programs all shared the same three-note rhythm. In cases where items had the same family and type, register was used to separate them. Results showed that 80% recall rates could be achieved for hierarchical earcons even with nonoptimal training. This work indicated that earcons could be used to represent hierarchies. However, the hierarchy used was simple with only nine nodes. It was possible that users could have just remembered the nine sounds (with short-term memory capacity of 7Ϯ2 items). A bigger hierarchy must therefore be tested before earcons can safely be used to represent complex hierarchies. This work formed the basis for the sounds in Experiment 1 described below. Using Nonspeech Sounds to Provide Navigation Cues 
EXPERIMENT 1
The aim of this experiment was to discover if a hierarchy three times larger than that of Brewster et al. [1995b] could be represented by earcons. Figure  3 shows the hierarchy used. It had 25 nodes on four levels with four missing nodes on Level 4 (two of which are marked as A and B in Figure 3 ). This made a hierarchy of 27 nodes, three times larger than that tried previously. It was based on the structure of the file system on the author's computer and was similar to the one needed for the communicator device described above. (This hierarchy is fairly small, and there are TBIs which have more complex interfaces. However, my own telephone banking system has a less complex interface than this one. It was therefore decided that this hierarchy was a good place to start.) It would allow the testing of earcons to represent such a structure. At this stage a general investigation of the ability of earcons to provide navigation cues was needed. Therefore this experiment did not focus directly on TBIs. This came in the second experiment.
Hypotheses
The main hypothesis for this experiment was that participants should be able to recall the position of a node in the hierarchy by the information contained in an earcon. If this was correct then high overall rates of recall would be expected.
Participants should also be able to listen to an earcon and position it in the hierarchy even if they have not heard it before by using the rules from which the earcons were constructed. This should be demonstrated by high rates of recognition when participants were presented with new earcons.
Participants
Twelve volunteer participants were used. They were a mixture of students at Helsinki University of Technology and members of staff at VTT Information Technology in Helsinki. They were all familiar with computers and 
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• computer file systems. Previous research on earcons [Brewster 1994; Brewster et al. 1993; 1995b] showed that musical training did not affect their usability. Therefore the musical skills of the participants used were not measured here. In these previous studies the effects of musical training were investigated in detail. The results showed, that if the earcons were designed using basic musical techniques with gross differences between each one, recall rates were not significantly different between musicians and nonmusicians. Musicians were better than nonmusicians when the sounds used were poorer (for example, sine waves and square waves, or rhythms that were very similar caused nonmusicians problems). The earcons here were designed to be usable by both groups, as would be needed in a TBI for the general population.
Sounds Used
The earcons were designed using the guidelines proposed by Brewster et al. [1995a] and based on the simple hierarchy described in the previous section [Brewster et al. 1995b] . As suggested, the earcons were designed using timbre, register, and spatial location for the main subgroups in the hierarchy. The earcons were based on the "musical" earcons described by Brewster et al. [1992; 1995b; . These used standard musical techniques to gain significantly better recall than the simple tones initially proposed by Blattner et al. [1989] . The earcons were all played from HyperCard via MIDI (musical instrument digital interface) on a Yamaha TG100 sound synthesizer and presented to participants via loudspeakers. The sound used at each level of the hierarchy will now be described: -Level 1: For the top level of the hierarchy ("Main" in Figure 3 ) a constant sound with a flute timbre was used (see Table I ). It had a central spatial location and a pitch of D 3 (261Hz). A flute timbre was used at it is a pure sound close to a "timbreless" sine wave. The earcon was designed to be neutral sounding.
-Level 2: At this level each family had a separate timbre, register, and spatial location. Table I shows these. Register was lowest on the left and highest on the right following the conventional musical pattern (for example, a piano keyboard). The stereo position of the earcons also moved from left to right, mirroring their position in the hierarchy (see Figure 3 ). The continuous sound was inherited from the Level 1 earcon, but the instrument, pitch, and stereo position were changed. Three parameters were used so that if a listener could not remember which instrument went with which node, he or she could still use register or stereo position.
Register was used in conjunction with the other two parameters, as the results from Brewster [1994] showed it was not effective on its own. Stereo position was used in the earcons even though it is not available in TBIs. This was done because it is available in interfaces for disabled people based on personal computers, such as the portable communicator
Using Nonspeech Sounds to Provide Navigation Cues • device described above or in interfaces for the blind. For this exploratory experiment all of the sound manipulation techniques available were used to maximize usability.
-Level 3: At this level, rhythm was used to differentiate the nodes. Each left node had one rhythm, each center node another rhythm, and each right node another. Figure 4 shows the rhythms used. From Figure 3 "Graphics," "Letters," "Earcons," and "Doom" all had the left-node rhythm. "Microsoft Word," "Reports & Papers," "Buttons Experiment," and "Adventure" were center nodes, and "General Programs," "Manuals," "Scrollbar Experiment," and "Arcade Games" were right nodes. Each of these rhythmic groups repeated continuously once every 2.5 seconds. As Figure 4 shows, the first note in each group was accented. The last note of each group was also lengthened slightly. These two help make each group into a complete rhythmic unit [Brewster et al. 1995a] . At this level the earcons inherited timbre, spatial location, and register from Level 2. This meant, for example, that "Graphics" used the left-node rhythm described in Figure 4 , and it was played with an electric organ timbre, on the left side of the stereo space, and in the register of C 4 . "Letters" used the same rhythm, but in this case, the timbre was a violin, stereo position was center left, and the register was C 3 .
-Level 4: A faster tempo was used to differentiate the items (Blattner et al. [1989] suggest this method for discriminating earcons). The rhythmic units from Figure 4 now repeated once every second. In addition to this, the effects of reverb and chorus were applied to all of the earcons. These gave the earcons a much fuller sound. This time, rhythm was inherited from Level 3. Each of the nodes in Level 4 used the same rhythm as its parent node, but the earcons were repeated more frequently.
Experimental Design and Procedure
As shown in Figure 3 , the hierarchy was based on a computer file system. This was an experiment to test the use of earcons to represent a hierarchy. This article does not suggest that each directory and subdirectory in a real system should have a sound. The hierarchy was constructed in a HyperCard stack. Figure 5 shows the screen of the top level of the hierarchy ("Main"). Each of the boxes in Figure  3 was a card in the stack. Buttons were provided for going up and down levels in the hierarchy and for going left and right across the same level. As 
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• soon as a card was selected its sound started to play and continued until another card was selected.
Training
The training was in two parts. In the first part the experimenter showed the participant each of the nodes of the hierarchy in turn and played the associated earcon. This was done once only. The structure of the earcons at each level was fully explained.
In the second part of the training participants were given five minutes to learn the earcons by themselves, using the HyperCard stack, with no help from the experimenter. The training was short and simple to see if the rules by which the earcons were created were obvious. Users of a communicator device of the type described above might only receive very simple training and have to learn the rest of the system by themselves. Users of a telephone-based system might get a short amount of training when they signed up for a new telephone service and again have to learn it by themselves. The simple training used here would test these situations. Using Nonspeech Sounds to Provide Navigation Cues • During the training, participants could look at a map of the hierarchy (similar to Figure 3 ). The aim of the experiment was not to test the participants' abilities to learn hierarchies but to test their ability to learn the earcons. Instructions were read from a prepared script.
Testing
The participants heard 14 earcons during testing, which were randomly selected from all of the sounds in the hierarchy. The same set of earcons was presented to each of the participants. Twelve of the sounds were ones that participants had heard during the training. The last two earcons were new ones (marked A and B in Figure 3 ). These were earcons for gaps in the hierarchy and were constructed using the same rules as the other earcons. Participants were told that these were new earcons that they had not heard before representing the missing nodes in the hierarchy. Table II shows which earcon represented which question. After an earcon was played, the participants had to choose where it was located in the hierarchy. The hierarchy was represented on screen. Again, the aim of this exploratory experiment was to test the participants' knowledge of the earcons, not their ability to learn hierarchies. None of the names of the nodes were included in the picture of the hierarchy so to avoid any help they might have provided.
RESULTS OF EXPERIMENT 1 3.1 Overall
The overall recall rate of all of the earcons was high: 81.5% of the earcons were correctly recalled. Figure 6 shows the percentage of correct answers for each question. An analysis was undertaken to find out if any of the questions were less well recalled than any others. A one-factor ANOVA was 
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• performed on the scores per question, and it showed a significant main effect (F 13,154 ϭ 2.13, p ϭ 0.01). In order to find out where the effect was (and so which were the worst-recalled earcons) Tukey HSD tests comparing each question were performed. The three worst-recalled earcons were from questions 2, 4, and 11. They were all from Level 4 of the hierarchy. The nodes were "Space Invaders," "Paint," and "Business Letters." "Paint" was recalled worst of all (Paint versus space invaders: Q 154 ϭ 1, p ϭ 0.01; space invaders versus parallel earcons: Q 154 ϭ 1, p ϭ 0.01). However, the other Level 4 nodes "Word Files" and "Parallel Earcons" were significantly better recalled than these. Table III shows a confusability matrix indicating which earcon was confused with which node for each of the questions. The new earcons (questions 13 and 14) are not included and are dealt with below. If only questions 1-12 are considered then the overall recall rate was 80%. The table shows that there were 29 errors in 144 answers. It also shows that 72.4% of these errors occurred in Level 4 of the hierarchy (there were only 2 errors on Level 2 and 6 on Level 3). This indicated that recall at this level was significantly worse than the other levels. The matrix shows that there were no common recall errors made. For example, it can be seen that "Paint" (the worst-recalled earcon) was only confused within the same subtree, or family, of earcons. Two participants mistook it for the earcon for "Graphics"-they confused the tempo of the earcon. Two mistook it for "Word Files"-they got the level correct but mistook the center-node rhythm. Finally, two mistook it for "Microsoft Word"-they confused the rhythm and the level. All of these mistakes were very close to the correct answer.
Recall of Components
A more detailed analysis of the results was undertaken. Each of the participants' answers were broken down to find exactly where the problems occurred. There were three mistakes that could be made. Participants could mistake the family of an earcon: e.g., whether it was from "Applications," "Word Processing," "Experiments," or "Games." They could also mistake the node an earcon referred to: e.g., whether it was a left node, a center node, or a right node. Finally, participants could mistake the level of an earcon: whether it was from Level 1, 2, 3, or 4. From the overall data obtained, the scores were broken down into three. If participants got a question completely right, they received three marks. If they got two parts right, then two marks were given, etc. From this analyis it was possible to see where mistakes occurred.
There were no significant differences between the rates of recall of family, level, and node. Participants recalled 80% of the family and level components and 76% of the node components. A one-factor ANOVA on the family, level, and node data showed no significant difference between these (F 2, 33 ϭ 1.27, p ϭ 0.291).
Using Nonspeech Sounds to Provide Navigation Cues • The component data for the three worst-recalled questions were examined in more detail to see if any common problems could be identified. Table IV shows the component scores. The table shows that there was no consistent problem causing the lower recall for these questions. In question 2 the worst-recalled component was family; in question 4 it was level and node, and in question 11 family and node.
New Earcons
As mentioned above, two new previously unheard earcons were presented to the participants during testing. The new earcons were very well recog- 
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• nized (see questions 13 and 14 in Figure 6 ): 91.5% were recognized correctly (where 25% would be expected by chance). Ten out of 12 participants recognized the earcon for A in Figure 3 , and all the participants recognized the earcon for B. This indicates that the participants were able to recognize new earcons well. The new earcons were from Level 4 of the hierarchy. They were significantly better recalled than the earcons for questions 2, 4, and 11. However, there was no significant difference between these new earcons and questions 7 and 8, which were also from Level 4.
DISCUSSION OF EXPERIMENT 1 4.1 Overall
The overall recall rate of the earcons was good. This demonstrated that a listener could use earcons as navigation aids in a menu hierarchy. A listener would hear an earcon and from it be able to work out his or her Using Nonspeech Sounds to Provide Navigation Cues
• location in the hierarchy and therefore avoid becoming lost. This was also possible after only a short amount of training. This shows that with careful design, earcons can easily be learned. The results obtained here are approximately the same as the rate of recall in phase I of the second earcon experiment described by Brewster [1994] . As mentioned above, the hierarchy used in that experiment was much simpler (only nine nodes), but the training and testing were less efficient (for example, the earcons were presented in a random order during training in order to obtain baseline rates). In the experiment described here the training was more structured, but the hierarchy was three times larger, leading to similar recall rates.
The three worst-recalled earcons were from Level 4 of the hierarchy. However, the other two earcons from Level 4 were significantly better recalled than these. A detailed analysis of the results gave no clear indication of what might have caused the difficulty. The problem may have been that these earcons were at the bottom of the hierarchy, so participants had to remember all of the earcon construction rules to work out their location. This left more opportunity for mistakes than with the recall of earcons higher up in the hierarchy where less had to be remembered. The manipulations chosen for Level 4 (tempo, chorus, and echo) were perhaps not the most distinguishable, so other methods need to be investigated.
New Earcons
The ability of the participants to identify the location of previously unheard earcons was good (91.5%). They were able to use the rules for constructing the earcons to work out where a new earcon belonged. This showed that the listeners had learned the rules well. This research has shown that if new nodes were added to an existing hierarchy then listeners would not need to be retrained on the sounds. They could use their existing knowledge of the rules to understand the new earcons. This is a very promising result for the use of earcons as hierarchical navigation aids.
The new sounds were from one of each of the main families, or major subtrees, of the hierarchy, so the participants could use all of the earcon creation rules to identify them. There were also only four missing ones so that their choice was reduced (25% could be obtained by chance). For example, if they could only remember the timbre for the subtree they would still be able to identify the new earcon because each new earcon had a different timbre. This test could have been made more difficult by having two or more missing earcons from the same subtree. This would have made it harder to identify the missing one, as there would be fewer differences between them. However, the result indicates that participants were able to use the rules to locate the new earcons. A more detailed analysis of recognition of new earcons is being undertaken.
EXPERIMENT 2
The first experiment gave a strong indication that earcons could provide navigational cues in hierarchies; listeners could recall an earcon with a high degree of accuracy, and so from this they would know where they were in the hierarchy. However, there were important questions still to be answered if earcons were to be used for navigation cues in TBIs:
-The earcons used in Experiment 1 were of CD quality (16 -bit 44KHz)-sounds played over the telephone are of much lower quality due to the narrow bandwidth of telephone equipment. This could have a significant effect on recall rates for the earcons.
-The earcons made use of stereo information to differentiate one from another. Again, stereo information is not available over the telephone, so this might affect the usability of the earcons because position information is a very powerful cue.
-The sounds from Level 4 of the hierarchy were not recalled well, with 72% of all of the errors coming from this level. Tempo was used for this level, and it may not have been a good indicator. Improvements were needed to reduce these errors.
-In Experiment 1 there was no measure of the ability of participants to recall the earcons over time. In fact, in none of the previous work on earcons has any investigation of this been done. It is important for TBIs because a user might not use the system frequently. He or she would have to be able to remember the earcons over time; otherwise he or she would have to be retrained each time the system was used, which would be unacceptable.
-The training in the previous experiment was highly personal. The experimenter trained each participant individually. This would be impossible to do in a real TBI because of the high cost to the provider of the service. Therefore an investigation was needed into alternative, more practical training techniques.
These five problems motivated the second experiment. With answers to these questions the usefulness of earcons for TBIs would be established, and our understanding of earcons in general would also be greatly enhanced. The same hierarchy was used as before so that the results would be comparable. However, the two new nodes (A and B) were not tested in this experiment.
Hypotheses
The first hypothesis was that the reduction in sound quality and lack of stereo information would reduce recall rates. With poor quality sounds it would be harder for participants to identify the earcons. This should be shown by comparison with the recall rates of the previous experiment.
Redesign of the Level 4 earcons should improve recall rates. In the previous experiment most errors came from this level. Redesign should result in increased recall rates in Level 4 as compared to the previous experiment.
Using Nonspeech Sounds to Provide Navigation Cues • Participants should be able to recall earcons equally as well a week after they were trained on them as they could when first trained due to the simplicity of the rules describing the earcons at each level. This would be shown by similar overall recall scores from testing session 1 to session 2.
Different training techniques should reduce the recall rates of the earcons with personal training giving the best recall rates and written training giving the worst rates.
Participants
Forty-eight volunteer participants were used, split into four groups of 12. They were computer science students and staff from the University of Glasgow. All were familiar with computers and computer file systems. None had taken part in the first experiment.
Sounds Used
The earcons were based on those from Experiment 1 to maintain consistency. The sounds were all played by HyperCard on an Apple Macintosh computer through a telephone hand-set (to simulate the output of a real telephone). The sounds were generated on a Yamaha TG100 sound synthesizer and rerecorded by a Macintosh at telephone quality. Each sound played for 7.5 seconds. For Levels 1 to 3 the earcons were the same as for the previous experiment except stereo position was not used, and the quality was much lower.
In the previous experiment 72% of the recall errors came from Level 4 earcons. A faster tempo was used to differentiate the items at this level. The errors occurred because Level 4 was the bottom of the hierarchy, so participants had to remember the most sound manipulations to work out their location. For the current experiment it was decided to try an alternative method of presenting the Level 4 information to make it clearer to participants. The Level 3 earcons were used again at Level 4, but a 0.3-second sitar note was played before each of the repeating rhythmic units. A sitar timbre was used as it sounded recognizable when played over the telephone and was distinctly different to the other timbres used [Aboaba 1996 ]. This acted as a Level 4 identifier to reinforce the switch to this level. The note was played once for a left node, twice for a center, and three times for a right node (see Figure 7) . It was hoped that this would provide stronger information to the participants that they were on Level 4. 
Training
One of the main aspects of this experiment was the investigation of different training techniques. In the previous experiment training was done by the experimenter. This would not be practical in a real-world TBI due to cost. Therefore an investigation of alternative techniques and their effect on recall was needed. This would also give insight into the training of users to use sounds in other types of interfaces. Participants were randomly assigned to one of four groups. Each group investigated a different training technique. The techniques are summarized in Table V. -Group A: In this group training had two parts. For the first part, participants were given personal training by the experimenter. He showed the participant each of the nodes of the hierarchy in turn and played the associated earcon. This was done once only. The structure of the earcons at each level was fully explained. In the second part of the training participants were given five minutes to learn the earcons by themselves with no help from the experimenter. They did this using the HyperCard stack. This was the "best-case" training. This condition allowed direct comparison with the results of the previous experiment where the training was exactly the same. For a TBI this would be the equivalent of the telephone service provider sending a training officer to show new subscribers how to use the system. The subscribers would then get five minutes of free call time to try the system.
-Group B:
The training was the same as Group A except that the participants received an online tutorial explanation of the sounds rather than personal training. The tutorial fully explained the structure of the sounds, and the participants listened to the sounds as they worked through the tutorial. This type of training is equivalent to the telephone service provider giving a tutorial to their system on a training video or over the Web. Again the subscriber is allowed five minutes of free call time to try the system.
-Group C: Training for this group was similar to Group B except that the online tutorial did not allow the participants to listen to the sounds. In all other respects the online training for this group was the same as that shown in Figure 8 . Participants still heard the sounds in part two of the training. Using Nonspeech Sounds to Provide Navigation Cues • For this group the training is equivalent to the service provider sending a training brochure to new subscribers with instructions on how to use their new system. Again they are given five minutes of free call time.
-Group D: This final group was similar to Group C except that participants did not get part two of the training. This meant that the participants did not hear any of the sounds before testing; they just read once through a description of their structure. This was the "worst-case" training condition. For this group the training is equivalent to the service provider sending a training brochure to new subscribers with instructions on how to use their new system. No free call time is given. The training in the four groups decreases in cost from Group A which is the most expensive to Group D which is the least. The important question to be answered was "What effect would this have on the recall rates of the earcons (and therefore their usability as navigation cues)?" There is one other possible category where no training would be given on the sounds at all. The user would call the system and not know what the sounds meant. This is currently being investigated in a separate study.
Testing
The participants heard the same set of 12 earcons during testing as in Experiment 1 (to maintain consistency). Testing was done in two sessions. The first presentation session was done directly after the training, and the 
244
• second was done a week later. No further training was given before the second testing session. This allowed an investigation of the ability of participants to recall the earcons over a period of time, which would be essential for the real-world use of earcons for navigation cues in TBIs.
RESULTS OF EXPERIMENT 2 6.1 Comparison with Experiment 1
The overall recall rate was good with 73% of the earcons recalled correctly in Group A(2) (see Figure 9 ). The first comparison undertaken was to compare the results of Group A(1) with the previous results (here called the Control Group-the value of 80% used here is the score from Experiment 1 not including questions 13 and 14 which were the new earcons and were not being tested here). Group A(1) had the same training method as the previous experiment. The only differences were the sound quality, lack of stereo information, and construction of Level 4 earcons. The results are shown in the first two bars of Figure 9 . A one-factor ANOVA showed no significant difference between the score from the previous experiment and the current one (F 1,22 ϭ 1.11, p ϭ 0.301). The results showed that five participants in Group A(1) obtained scores equal to or higher than members of the Control Group. In Experiment 1, 72% of the errors occurred with Level 4 earcons. In this experiment the Level 4 sounds had been redesigned to help reduce this error rate. Was the redesign successful? Examination of the data showed that Level 4 earcons now accounted for only 41% of the errors. This indicated that improvements to the Level 4 earcons had been successful. The Level 4 sounds became no harder to recall than any of the other levels.
Although the Level 4 error rate had been reduced the overall recall rate was not significantly different. The effect of lower sound quality and lack of stereo information was to distribute errors more uniformly throughout all levels. In Experiment 1, 28% of the errors came from Levels 1-3; in this experiment it was 59%. There were now significantly more errors in Levels 1-3 (T 12 ϭ 4.4, p ϭ 0.0008). Therefore improvements in the Level 4 earcons offset the problems due to reduced sound quality and lack of stereo information. The end result was no significant difference between the recall rate in this and the previous experiment.
Recall over Time
The next investigation undertaken was to compare the results of the participants after the first testing session with those after the second. This would indicate how well participants could remember earcons over time. Figure 9 shows the overall results for groups A-D, presentations sessions 1 and 2. As can be seen from the figure, the differences between the scores were small. T-tests showed no significant differences between any of the groups in presentation sessions 1 and 2 (for example, D(1) versus D(2) T 11 ϭ 1.24, p ϭ 0.24. In D(2), four participants had equal or greater scores than Using Nonspeech Sounds to Provide Navigation Cues • in D(1)). This indicates that participants could recall earcons well over time.
The Effects of Training
One of the most important aspects of the experiment was to investigate the effect of training type on the recall of earcons. Again, Figure 9 shows the overall results. As discussed above, the Control and Group A used the same training techniques. There were no significant differences between these, so analysis will concentrate on the differences between Groups A-D. There were also no significant differences between the scores obtained from presentation sessions one and two. Therefore data from presentation one in each of the groups will be used to simplify analysis. Figure 10 shows a breakdown of the recall rates for each of the questions in each of the four groups. A one-factor ANOVA between Groups A-D showed a significant main effect (F 3,44 ϭ 5.3, p ϭ 0.003). In order to find out where the main effect occurred Tukey HSD tests were carried out between each of the groups. This analysis showed that the only significant difference was between Groups A and D (Q 44 ϭ 43.5, p ϭ 0.01). This indicated that training type did have a significant effect on recall but only between Groups A and D. However, variance may have masked some differences among the groups (standard deviation for Group A: 25.6, B: 36.9, C: 23.2, D: 17.7). The analysis showed that Group D had the lowest recall rates. A more detailed analysis of the D(1) scores was undertaken to find out what information the participants managed to extract in this condition. An analysis of family, level, and node components (as in Section 3.2) showed that the level component was significantly better recalled than family or node (F 2,33 ϭ 3.68, p ϭ 0.03): 45.5% of family components were recalled correctly, 67.3% of level components, and 43% of node components. By chance, participants would get 25% of the level components correct, so they were performing significantly better than chance. Out of 144 responses (12 participants ϫ 12 questions) only 13% of responses had none of family, level, or node correct. In all of the other cases either 1, 2, or all 3 components of the answer were correct (in this case 17% of responses would have nothing correct by chance, so participants were performing at approximately chance level).
DISCUSSION OF EXPERIMENT 2 7.1 Comparison with Experiment 1
Results from Group A(1) showed no significant differences to those of the previous experiment. Recall rates of 72% suggest that earcons can provide good navigation cues in telephone-based systems. Users of such systems can listen to an earcon and from it work out where they are in the hierarchy of menus. This then allows them to avoid becoming lost, one of the major problems in such systems [Wolf et al. 1995; Yankelovich et al. Using Nonspeech Sounds to Provide Navigation Cues
• 1995]. After Experiment 1 there was still a question about the ability of earcons to provide good navigation cues when the quality of the sounds was reduced to those of the telephone system. The results described here show that this is not a problem.
There was an increase in errors due to reduced quality of the sounds and the lack of stereo information. However, this was offset by the greatly improved recognition of earcons at the bottom of the hierarchy. These results showed that the problems caused by sound quality could be overcome by better design of the earcons. In future experiments earcons at Levels 1-3 of the hierarchy will be redesigned in the same way so that recall rates will hopefully again increase.
The results show that earcons can indicate position in a hierarchy of information very successfully. In a real system using earcons, a move to a new node would cause a new sound to play (in the background behind any speech). The user would listen to this earcon and from it work out his or her location, therefore avoiding becoming lost in the hierarchy. Now that this has been established, the next stage will be to incorporate earcons into a real telephone-based system and evaluate their effectiveness in real-world conditions.
Recall over Time
The results here are the first to demonstrate the recall of earcons over time. In Brewster et al. [1992; , detailed investigations of earcons were undertaken. Brewster et al. tested recall over very short periods of time (approximately 15-20 minutes after training). The results showed there were no significant differences after this short period. However, only a small set of sounds (9 earcons) were tested and over a very short period of time. This was not characteristic of the use of earcons in everyday applications. The results presented here show that a large set of earcons can be recalled well over the period of one week. One reason for this is that the construction rules are simple and clear, making them easy to remember. These results show that the participants understood the rules by which the earcons were constructed and could apply them again a week later. This is an important result for earcons in general but is particularly important for their use in TBIs. It means that users of a TBI would not need to be retrained if they used the system infrequently.
The Effects of Training
Training type had a significant effect on recall rates. Personal training by the experimenter gave the highest rates with the lowest coming from purely textual training. The results showed that the only significant difference was between Groups A and D. However, variance may have masked some potential differences. By looking at Figure 9 three groupings can be seen in the results: The Control Group and Group A, Groups B and C, and finally Group D.
As expected, good results were obtained in the Control Group and Group A. Personal training was very effective. However, this type of training would be the most expensive for a telephone service provider. There was a 20% difference in recall from Group A to B (although in the experiment this was not significant) where the only difference was an online tutorial rather than personal training.
There was little difference between groups B and C that indicated that the use of sounds in part one of the training did not help recall. More important was to let users use the system themselves. This "active learning" helped them remember the sounds better than reading about the sounds and then hearing them together.
Group D shows that if users cannot hear any of the sounds before they use the system then recall rates are likely to be poor. However, a detailed analysis of the Group D results showed that in 87% of responses participants got one or more of the family, level, or node components correct. So, even though the overall analysis presented in Figure 9 shows low recall rates, participants were able to extract some useful navigation information from the earcons. According to Rosson (described above), many navigational problems came from mistaking switches to different levels in a hierarchy. Therefore, purely textual training can provide a reasonable solution to this problem. It may be possible to increase recall in Group D by improving the design of the textual description. Remember, also, that the participants were only allowed to read the training documentation once. If they were allowed to read the document several times (which is more likely to happen in a real-world use of earcons) then recall rates might be improved (this would also apply to the other groups as well). Further experiments are being conducted to investigate training further.
These results indicate that there was no significant difference between Groups A, B, and C. This suggested that training of type C could be given and high recall rates achieved but with only a low training cost.
EXPERIMENT 3
In this final experiment a different method of representing hierarchies was investigated. In the previous two experiments hierarchical earcons were used for the sounds. At first sight this seems reasonable because they are, by their nature, able to present hierarchies. However, they do have problems. Making the hierarchy from Figure 3 wider is not too difficult, as only a new instrument is needed for making it wider at Level 2 or a new rhythm at Level 3; the rest of the attributes can be inherited as before. Going deeper than four levels may be difficult because once the parameters of timbre, rhythm, register, and tempo have been used then there is nothing left to manipulate to create a new level. In Experiment 2 this was overcome by using a new timbre at Level 4. This method would soon lose its effectiveness (because there are only so many instruments that a user could remember), and it would not be possible to go much deeper. How can this problem be solved? It was decided that compound earcons [Brewster 1994 ;
Using Nonspeech Sounds to Provide Navigation Cues • Brewster et al. 1993 ] could be used if the hierarchy was represented in a different way. The idea of a book was used, to represent the hierarchy where there are chapters, sections, and subsections, for example Chapter 1, Section 1.1, Subsection 1.1.1. Figure 11 shows how this was mapped on to the hierarchy.
A set of simple motives was created for each of the numbers and dot. The earcon for any node could then simply be constructed from the concatenation of these motives. This method of representing the hierarchy had the advantage, that with a complete set of motives to represent the numbers, any hierarchy of arbitrary size and depth could be created, overcoming the problem with hierarchical earcons. However, this method adds another level of indirection between the user and the hierarchy. In the previous experiments a user had to recognize a sound and then map that sound to the hierarchy. Using compound earcons the user would have to map the sound to a number and then the number to the position in the hierarchy. This could potentially make this method more difficult to use. Therefore an experimental investigation was needed to assess the effectiveness of this method.
The same hierarchy was again used so that it would be possible to compare the results against those of the first experiment. A new set of 15 participants was used (students from the University of Glasgow), none of whom had been involved in any of the previous experiments. The ability of the participants to recognize new, unheard earcons was again studied to see if users could recognize new earcons based on the rules for creating the sounds. To make a more realistic test, a whole new Level 2 family was created along with the sounds for A and B. The new family was for Internet applications and was given the number 5.
Hypotheses
The main hypothesis was that participants would be able to recall their position in the hierarchy with the same accuracy as Experiment 1. Partici- 
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• pants should also be able to listen to an earcon and position it in the hierarchy even if they have not heard it before by using the rules from which the earcons were constructed. This should be demonstrated by high rates of recognition when participants were presented with new earcons.
Sounds Used
Simple motives were constructed to represent the numbers 0 -4 (see Figure  11 ). These were just single notes (one-second duration) played at C 3 (261Hz). The sounds were high quality (as in Experiment 1). They were created on a Yamaha TG100 synthesizer and played via HyperCard. Table  VI shows the instrument used for each number. These instruments were chosen because each one sounded distinctive and different from all of the others. Earcons for each node were created by concatenating these sound components.
For numbers greater than 4 (of which only 5 was needed in this experiment, to represent the new family) the instruments were reused, but two notes were played. For example, 5 was two notes played on the sitar. For numbers greater than 9 the two motives would be added together. For example, 10 was a piano followed by a sitar. This allowed the differentiation of 11 from 1.1 because 11 would not have the separator dot between the two piano notes.
Creating earcons in this way meant the participants did not have to remember more than seven rules. There were five sounds for 0 -4, a rule indicating 5-9, and a sound for dot. If there were any more than this, then users might not be able to remember them.
Training and Testing
Training was the same as in Experiment 1 so that consistency was maintained and so that the results could be directly compared. Participants had the set of sounds described to them and then had five minutes to use the system themselves and learn the sounds.
During testing, the same set of 14 questions was asked as in Experiment 1 (see Table II ). This included the new, previously unheard earcons for nodes A and B as shown in Figure 11 . To make the test for the new earcons more realistic, in addition to A and B a whole new family was created. Participants were presented with the sound for number 5 (representing a new family of Internet applications) and told that it was for a new family at Level 2. Two earcons from within this family (5.3 and 5.1.1) were then presented to the participants. This meant they were asked 16 questions in total. The participants were thus using a hierarchy of 36 possible nodes if Using Nonspeech Sounds to Provide Navigation Cues
• the new family was included. This would give more detailed information about participants' abilities to recognize new, previously unheard earcons.
RESULTS OF EXPERIMENT 3
The overall recall rate of the trained earcons (questions 1-12) was very good, with 97% recalled correctly (see Figure 12 ). This was significantly better than the 80% recall rate of the trained earcons in Experiment 1 (F 1, 22 , p ϭ 0.001). The results indicate that using compound earcons was a very successful method of presenting hierarchy information. The recognition rate of the new, unheard earcons was also very good with an average of 97% again recognized correctly (see questions 13-16 in Figure 12 ). This indicates that participants could recognize the new compound earcons well.
DISCUSSION OF EXPERIMENT 3
This new design for the earcons was significantly better than the hierarchical earcons in Experiment 1. This indicates that compound earcons can provide very usable navigation cues in nonvisual hierarchies of information. The advantage of using this type of earcon is the possibility of creating arbitrarily sized hierarchies with great flexibility for changing the size and shape of the structure without retraining the users. This is of major benefit to TBI developers. However, the extra level of indirection between the sound and the thing it represents may make compound earcons harder to use, perhaps by increasing the workload in a task when they are used. The experiment here has shown that it is possible to represent hierarchies in this way and that a task-based study is now needed to find out what effect they will have in a real situation. In further studies, NASA TLX workload measures will be used to investigate the subjective workload effects, as it is important to make sure that any increase in workload does not hinder the user with the rest of the task they are trying to perform (for example, remembering the amount of money in a bank account). One other problem that compound earcons have is that they get longer the deeper one gets into the hierarchy. This may cause several problems. The first is that the user must listen to the full earcon before he or she gets the location information. If only part of the earcon is heard-for example, the user is on node 1.1.1 but decides to move on to another node after only hearing 1.1-then he or she may become confused about the location. In addition, the longer the sound gets the harder it will be to recall. When there are many motives needed to make up the full earcon, the user may forget the initial motives when hearing the latter ones (this is known as the recency effect [Baddeley 1990 ]-the term used to describe the enhanced recall of most recently presented items), again causing confusions in loction. More investigations are needed to find out the maximum size of the hierarchy that could be represented with such earcons.
Part of the problem of the length of compound earcons has been addressed by parallel earcons [Brewster 1994; Brewster et al. 1995b] . These allow the component parts of a compound earcon to be played concurrently, rather than sequentially. Results of this work showed that recall rates were not reduced when two motives were played together. The use of parallel earcons could perhaps speed up the presentation of the earcons representing the hierarchy. However, in the work on parallel earcons two separate earcons were played at the same time. In this work the order of presentation defines the node so the motives must be presented in the correct order. Further investigation is needed to use parallel earcons for navigational information in hierarchies.
OVERALL DISCUSSION
The three experiments have demonstrated the power of earcons for providing information in sound. In this section some general issues will be discussed.
One interesting piece of information came out of the first experiment about the design of the earcons. As mentioned, earcons are abstract, so the sounds they are made from do not have any intuitive link to the thing they represent. However, some participants constructed meanings for the sounds, which they reported in postexperiment debriefings. Several said that they felt that each group of nodes at Level 3 of the hierarchy (shown in Figure 4 ) was a triangular structure. The left node formed the left side Using Nonspeech Sounds to Provide Navigation Cues • (rising up toward the top), the center node the top (rising a little, reaching the top, then falling a little), and the right node the right side (falling back toward the bottom). They said that this helped them to remember the earcons, as it gave the rhythms a meaning-it was not just an abstract mapping of rhythm to node. The earcons were not constructed with this in mind. If listeners do try to make sense of the structure in this way then we should make use of this and design sounds that can be mapped to the structure, so improving recall rates in future earcon designs. Further experiments are needed to find out more about how this could be exploited and how the participants constructed their mappings.
If users are placing intuitive interpretations on the earcons it means that they become closer to Gaver's auditory icons [Gaver 1989 ]. These are natural sounds that have an intuitive link to the object or action they represent. This is supposed to make them easier to learn. By careful construction of the earcons this advantage could be gained by earcons. In the continuum from abstract sounds (earcons) to representational sounds (auditory icons) these representational earcons fall in the center-they have some abstract properties and some representational ones. The compound earcons of Experiment 3 lose this representational advantage because the sounds are completely abstract and can be combined in different ways. Even though they gained high rates of recall in the experiment here there may be situations where the more representational earcons from Experiment 1 might prove advantageous. Further research is needed to investigate this further.
There is subjective evidence to show that participants in Experiment 3 had little difficulty learning the motives for the numbers. As mentioned, participants were given five minutes to learn the sounds themselves after they had been trained by the experimenter. In Experiment 1 (which had the same training) the participants used the full five minutes to learn the sounds. In Experiment 3 most participants complained that five minutes was too much, that they knew the sounds and did not need to spend more time learning them (a fact also born out by the high rates of recall achieved). Because the rules describing the sounds were simple, learning was very easy. As above, this is one of the advantages claimed for auditory icons. With careful design of the rules describing the earcons, auditory icons may not have an advantage over compound earcons, especially when a set of 36 sounds has to be learned. Again further investigation is needed on this. Applying the different training techniques from Experiment 2 to Experiment 3 would show, for example, what rates of recall could be achieved with purely textual training of compound earcons.
GUIDELINES FOR USING EARCONS FOR NAVIGATION CUES
Some guidelines for designers creating earcons can be drawn from the work reported here. These are in addition to the existing guidelines from Brewster et al. [1995a] and are as follows: -Navigation cues: Earcons can provide good navigational cues in a menu hierarchy, e.g., a TBI. When designing the sounds, start with a neutral sound to represent the root of the hierarchy. Use a combination of instrument and register at the next level and then rhythm at the next. These allow the structure to be expanded easily. If a new subtree is needed at Level 2 then all that is necessary is a new instrument. If expansion is needed at Level 3 then more rhythms can be created. For deeper levels then the cues must be made very obvious (because users have much to remember to work out their location when they get deep into the hierarchy), e.g., adding a level indicator instrument.
-Tempo: This proved to be an ineffective way of indicating a new level of the hierarchy. Users were unable to differentiate between Levels 3 and 4 using tempo. It was not distinctive enough on its own. It also did not provide the possibility of expanding the hierarchy at Level 4 because there are not enough absolutely recognizable different tempos. Tempo could be used (like register in Experiment 1) alongside another parameter to increase the amount of difference between one level and another to aid recall.
-Sound quality: Low-quality sounds can be used for presenting earcons. However, reducing the quality will reduce recall rates, so the earcons must be well designed to keep recall rates high.
-Training: Allowing users time to learn earcons themselves ("active" learning) was very beneficial to recall rates and would be cost effective for a telephone service provider. Providing both written instructions and free call time would give good recall rates without a high training cost.
-Hierarchical and compound earcons: Hierarchical earcons have limitations which may make it difficult to represent deep structures. Compound earcons can provide an alternative way of doing this. One other advantage they have is that they are very simple to create. A set of motives to represent the numbers 0 -9 and dot can be constructed. An earcon for any point in the hierarchy can then be created by simply concatenating the required motives. It is even possible for this to be done automatically. In a similar way, the British Directory Enquiries system generates a telephone number from a set of prerecorded spoken numbers (samples of the individual numbers are concatenated to produce the required telephone number as required). A simple test of this was done when sound was added to the menu hierarchy of a software prototype of a mobile telephone. It proved simple to construct the sounds on-the-fly to represent the different menus.
FUTURE WORK
These earcons will now be used, as they are in an interface to a mobile communicator device for the TIDE ACCESS project. The sounds will be played in the background when the user is in the hierarchy of pictographic
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• symbols. The sounds will change when he or she moves up, down, left, or right to a new node, indicating the new position in the hierarchy. The change in the earcon and a small increase in intensity will capture the listener's attention and indicate the new position. The earcon will then fade back to a lower intensity and recede into the background of the listener's consciousness. The user will only attend to (or "tune-in") the sound again if he or she gets lost and wants navigational information. In this way the feedback will not be annoying for users [Brewster 1994 ]. The next stage for work in TBIs is to add the sounds to a real system and perform task-based studies. Further tests will extend the breadth and depth of the hierarchies represented and will investigate different training techniques. One important next step will be to investigate if users who were trained on one hierarchy can navigate around a different structure if the sounds are constructed using the same rules (without further training).
Studying real tasks will also allow the investigation of the effects that the sounds might have on the interaction as a whole. It could be possible that the sounds might affect the intelligibility of the speech. Therefore, the best ways of combining speech and nonspeech sounds must be considered. For example, the sounds could be played at the same time as the speech, before it, or after it. Studying the use of earcons in real telephone-based tasks will also be important to assess the level of recall needed to ensure the sounds are useful. Experiment 2 showed that even with limited training, level information could be extracted from the earcons. But at what rate of recall are the sounds ineffective? In the area of speech recognition it is generally recognized that around a 95% recall rate is needed for the recognition to be effective and usable. There has been no research so far on what rate is required of the earcons.
CONCLUSIONS
The aim of the work described in this article was to discover if earcons could be used to represent hierarchical structures. This is important for interfaces where graphics cannot be used or where the screen is already full. The particular problem addressed was the common one of users getting lost in hierarchies of information. The experiments also investigated some fundamental questions about earcons themselves, such as the size of hierarchy that could be represented, recall rates over time, and how to construct the sounds to represent the hierarchy.
The first experiment investigated the ability of earcons to represent a 27-node hierarchy. A recall rate of 81.5% was achieved after only a short period of training, indicating that earcons could represent such a structure. Listeners could listen to an earcon and tell where it came from in the hierarchy and hence their location. Listeners could also recognize new earcons that had not been heard before by using the rules from which the other earcons were constructed. This shows that users could easily learn those rules. Therefore, earcons are a robust and extensible method of representing hierarchies.
The second experiment answered fundamental questions about the use of earcons as navigation cues within telephone-based interfaces. The research in this article has shown that reductions in the quality of sound that occur with telephone systems can be offset by improvements in the design of earcons, thus making earcons a good method for providing navigation cues in TBIs.
This research was also the first investigation into the memorability of earcons over time. This is important for earcons in general and for their use in TBIs. If users do not use the TBI frequently then they must be able to remember the sounds in order to use them as navigation cues. Results here showed that there was no difference in the recall of earcons a week after their first presentation. This shows that they are a robust method of presenting navigation information.
Results showed that training techniques affected the recall rates of earcons. Training techniques are a cost to the provider of a telephone service. The provider must ensure that users can use the sounds while minimizing the amount spent on training. Results here indicated that an online tutorial plus a short period of free call time can enable users to reach high recall rates without much training cost. Even if just a textual description of the sounds is given then listeners could still extract some useful navigation information.
The final experiment showed that by using compound earcons rather than hierarchical earcons to represent the hierarchy, recall rates could be significantly increased, with 97% recalled correctly with only a small amount of training. This shows that compound earcons could represent a hierarchical structure well. Listeners could again recognize new, previously unheard earcons equally as well as the pretrained ones. One reason for this was that there were only seven rules defining the sounds for any node. Now that these fundamental questions about earcons have been answered, designers of systems who need to present navigation information in a nonvisual way can use earcons to greatly enhance the usability of their systems.
ACKNOWLEDGMENTS
Thanks to Atte Kortekangas and Veli-Pekka Raty at VTT in Helsinki, and to Peter Wright at the University of York, UK, for helping with some statistical analysis. Many thanks to Ayotunde Aboaba who helped greatly in this project as part of his MSc. in Information Technology at Glasgow and to Adrian Capriotti, Cordy Hall and Phil Gray. Thanks also to the reviewers for their insightful comments.
